ABSTRACT--The dynamic response of a thin steel disk to a transient thermal pulse induced by a pulsed neodymium-glass laser was studied experimentally and compared with numerical results from a finite-element code. The experiment was designed to provide data for evaluation of a disk sample configuration for proposed erosion and corrosion experiments using laser deposition.
Introduction
Material degradation due to erosion and corrosion processes occurring with high gradients of very high temperatures and pressures (up to thousands of degrees K and hundreds of MPa) is a serious problem encountered in various applications of combustion. The metal and nonmetal surfaces containing the combustion in such applications as rocket nozzles, internal-combustion engines, gas-turbine combustors, and flow-metering orifices degrade by material blow-off, fissuring, and other related mechanisms. The rate and degree of erosion and corrosion occurring is directly dependent on the combined effects of the heating and cooling rates, temperature peak, gases and particulates present, peak pressures, and the number of cycles of combustion to which the surface has been subjected, Due to the complex and severe environment in which the erosion and corrosion phenomena occui', little experimental data are available for use in numerical-codedevelopment work.
To provide data for modeling the fundamental mechanisms of erosion and corrosion, an approach using highenergy pulsed-laser deposition on various samples at differing levels of energy and in different atmospheres and pressures was followed. This relatively inexpensive method of testing produces many of the relevant phenomena by subjecting the sample to laser deposition through a transparent window of a pressure-vessel container. The contained environment and pressure of the vessel are easily changed and monitored to give the desired test conditions. These tests induce high-gradient temperatures with possible melting and vaporization as well as the August 5, 1985 . Final manuscript received." March 11, 1987 corresponding thermal stresses and chemical reactions at the specimen surface.
The purpose of this early part of the study was to evaluate a thin-metal disk sample as a suitable specimen geometry for use in laser-deposition experiments designed to yield data for the development of erosion and corrosion models to be used in numerical analysis. ~-3 In order to provide a basis for interpreting metallurgical data, the thermomechanical response of the disk was determined. The transient temperature and strain were measured using conventional transducers and the corresponding specimensurface degradation was studied. The response results were compared with the predictions of a finite-element code (DTVIS2) where the specimen was subjected to an energy-flux input. The experimental and numerical results were then evaluated to determine the suitability of the thin disk sample for use in erosion and corrosion testing by laser deposition in a chosen environment. The goal was to find an appropriate sample configuration for which erosion and corrosion phenomena could be studied without significant influence by the thermomechanical response of the specimen.
Laser-Material Interaction
Since the rapid rise of the laser in the early 1960s, many applications have been developed for pulsed lasers operating in the normal mode (pulse length about 600 ~s), and in the Q-pulsed mode (30 ~s pulse length)/ One of the most important effects of the high-energy radiation is the conversion of the optical energy in the beam into thermal energy in the material. At relatively low energy levels, the laser deposition may only produce heating and the corresponding development of a thermoelastic compressive stress or strain in the surface. That is, the sudden heating causes the metal surface to want to expand but it is confined by surrounding unheated metal. For intermediate levels, surface melting may also occur. At still higher laser-pulse energies, specimen melt, vaporization, and momentum transfer due to the resulting vaporized metal blow-off are known to occur. 5'6 In particular, earlier work has shown that high-amplitude compressive stress waves are induced in the sample when subjected to a Q-pulsed laser deposition with a total energy of several Joules. 6 Response to the much longer normal-mode pulse has not been as thoroughly studied; but it is expected to be more quasistatic in nature. Certainly, considerably more energy is available in the normal-pulse mode of operation with levels an order of magnitude greater than that for the Q-pulsed mode.
The surface degradation due to laser deposition will depend on the total energy, flux intensity, absorptivity of the surface, and the specimen environment. A range of flux intensities can be achieved by focusing or expanding the laser beam and by changing the laser-beam energy through the voltage settings on the laser power supply and use of normal and Q-pulsed modes. Successive depositions can be easily accomplished using repeated pulsing of the laser. As would be expected, increasing the pulse energy and the number of depositions will result in a corresponding increase in specimen surface damage. Thus the laserinduced transient heating undertaken on various samples at suitable pressures and gaseous environments could provide meaningful data for evaluating erosion and corrosion phenomena for use in computer-model development. While the erosion/corrosion study will probably be conducted with focused normal-mode pulses, this study also included some tests using the Q-pulsed mode and unfocused deposition for evaluation purposes.
Transient Heating of a Thin Disk
When one side of a thin-disk specimen is suddenly heated, the induced compressive thermal stress causes an outward cupping of the disk. The opposite cooler side, curved inward, is correspondingly subjected to an initial compressive strain. As heat flows through the disk thickness and radially, a tensile thermal strain will result throughout. A centrally located strain gage mounted on the back side of the disk specimen will, therefore, respond to the suddenly increasing compressive strain which peaks at the end of the laser pulse. The gage output will then be decreasingly compressive and gradually go tensile as thermal equilibrium is established.
Whereas relatively slow surface heating is expected to result in a quasistatic-type response, the very rapid heating from a Q-pulsed laser configuration could excite vibrations in the disk corresponding to its fundamental natural frequency and possible higher modes. A freely supported circular disk is known to vibrate in a symmetric mode with a fundamental natural frequency in Hz given by 7 f =l.44 ~D a 2 oh
where a = sample radius; D = flexural rigidity, Eh3/ 12(1 -u2); h -= sample thickness; 0 = mass density; E = Young's modulus; and u = Poisson's ratio. For a plate which is rigidly clamped around the boundary, the constant term is 1.62. If vibratory modes are excited by the rapid heating of a loosely held disk, a strain gage mounted at the center of the rear face should detect a low-frequency compressive strain level with a superimposed higher frequency oscillating strain having a frequency equal to that given by eq (1). The transient response of the disk sample will also be affected by the speed of heat transmission through the sample. This is determined by the magnitude of the thermal diffusivity, a, of the sample material defined by the relation 8 k -
(2)
Qc where k = the conductivity and c = the specific heat.
For a disk sample of thickness h, the time at which the back surface temperature has reached one-half the peak temperature amplitude can be obtained from the onedimensional solution to the general conduction equation
Temperature-independent properties have been assumed but the constant is general and not material dependent. A thermocouple attached at the back center of the specimen will give the temperature/time data from which t,2 can be measured and compared to the prediction of eq (3).
Experimental Arrangement
A holobeam neodymium-glass laser operable in either the Q-switched mode or in the normal mode was used. The 19-mm laser beam was directed through a glass beamsplitter sending a small portion of the output to a photodiode to provide a trigger pulse for the recording Tektronix 7904 oscilloscope equipped with a 7A26 vertical amplifier. The main beam then passed through a converging lens and an aperture, and was deposited on the specimen. The specimen had either a thermocouple or a strain gage mounted on its rear-face and the corresponding output was fed into the oscilloscope. Laser-pulse energy levels at the sample were calibrated using a Scientech calorimeter. For particular oscillator-amplifier settings, repeatability of the laser-pulse energy was found to be very good. A schematic diagram of the test facility is shown in Fig. 1 with the sample located at the extreme left.
Sample Properties
Samples for all tests were fabricated from 4340 alloy steel in the form of disks 19 mm in diameter by 1.6 mm thick. Similar surface conditions were obtained by sanding all samples with a 600-grit paper. Table properties for the samples at room temperature were taken to be: E = 200 
